cancer who are treated with lumpectomy and who have one or two identified sentinel lymph nodes (SLNs) containing metastases, the use of SLN dissection (SLND) alone compared with axillary lymph node dissection (ALND) does not result in inferior overall survival (OS) or disease-free survival (DFS). 7, 8 Furthermore, the same observations apply to patients with negative SLNs, and the National Surgical Adjuvant Breast and Bowel Project Phase III protocol B-32 (NSABP B-32) has corroborated the superiority of SLND to the ALND treatment approach in terms of OS, DFS, and regional control. 9, 10 In both studies, adjuvant systemic therapy was delivered to >85% of the patients, and a portion of the level I-II axilla was irradiated in patients who underwent standard opposing tangential irradiation. Therefore, although a portion of the lymph nodes (LNs) was not irradiated, a portion of the postsurgical breast patients who received adjuvant systemic therapy (chemotherapy, hormonal therapy, or targeted therapy) combined with LN incidental irradiation during RT still exhibited diminished locoregional recurrence.
The ACOSOG Z0011 and NSABP B-32 trials have provoked speculations regarding whether the incidental radiation dose to ALNs with tangential radiation therapy fields could have prevented axillary recurrences in the SNB-only arm. 7, 9 In addition, recent studies have evaluated the axillary incidental irradiation dose coverage. [11] [12] [13] [14] To date, whether the incidental radiation dose to the axilla is responsible for eliminating additional hidden metastases in ALNs when the breast alone is irradiated remains unclear. Along with ALNs, internal mammary nodes (IMN) are the first filter stations for the lymphatic drainage of the breast, and the unexpected control of IMN that accompanies incidental IMN irradiation has been an ongoing controversy, especially for one to three LN-positive breast cancer and high-risk, node-negative stage II breast cancer. [15] [16] [17] [18] Despite the high incidence of IMN metastases, [19] [20] [21] the overall rate of clinically detectable recurrences in IMN after primary systemic breast cancer treatment is <1%, even when regional IMN are not irradiated. 22, 23 As with ALN, the low recurrence rates in IMN are attributable not only to patients receiving adjuvant systemic therapy but also to IMN incidental irradiation. 23, 24 The literature is sparse on the incidental doses received with no internal mammary LN surgical dissection, especially with newer techniques. Recently, reports on the incidental irradiation of IMN in breast cancer have examined treatment with three-dimensional conformal RT (3D-CRT). [24] [25] [26] [27] Therefore, in this study, we compared the dosimetric parameters for incidental irradiation to the IMN during chest wall RT with 3D-CRT, field-in-field forward intensity-modulated radiotherapy (F-IMRT), and inverse intensity-modulated radiotherapy (I-IMRT). In addition, we aimed to examine these dose distribution patterns and their possible clinical relevance.
Patients and methods

Patient selection and instructions
Eligibility criteria for our study were as follows. Patients with diagnoses of invasive carcinoma or ductal carcinoma in situ of the breast who received adjuvant RT at our institution between April 2013 and May 2017 were enrolled. Patients were treated with modified radical mastectomy (MRM) with SLND or ALND, and without immediate reconstruction. Also, these patients with breast cancer who had been irradiated postoperatively were included in this retrospective study. All patients were confirmed as having no clinical or pathological evidence of IMN involvement at the time of diagnosis. The institutional research ethics board of Shandong Cancer Hospital approved this study (SDTHEC201703014), and the requirement to obtain written informed consent from patients was waived due to the retrospective nature of the investigation. Also, this study was carried out in accordance with the Declaration of Helsinki principles.
Delineation of target volume and organs at risk
The clinical target volumes (CTVs) of the chest wall and supraclavicular fossa (SCF), heart, ipsilateral lung (IPSL), and spinal cord were delineated, and the IMN were not included in the CTV. The planning target volume (PTV) margin was 5 mm from the CTV. In addition, a 5 mm bolus was used over the chest wall. The IMN were contoured according to the Radiation Therapy Oncology Group breast cancer consensus: from the first to third intercostal spaces (ICS1-3) through the topography of the internal thoracic vessels (available online at: http://www.rtog.org/LinkClick.asp x?fileticket=vzJFPaBipE%3d&tabid=236). PTV IMN were designed to include an expansion of 5 mm around the IMN.
Treatment plan and dosimetric evaluation
The prescription dose was 50 Gy in 25 fractions (2 Gy per fraction) to the PTV, 5 days/week.
Three-dimensional conformal radiotherapy
The chest wall was treated with two opposite tangential fields (two oblique beams with an interval of 180°) using 6 MV photon beams and an ipsilateral SCF with a single anterior field. The criterion of the 3D-CRT plan was to ensure that at least 90% of the PTV received the prescription dose ( Figure 1A 
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Forward intensity-modulated radiotherapy
The chest wall treatment plan involved using the tangential field technique with static multileaf collimator segments, with two parallel-opposed tangential fields using 6 MV photon beams. Two to five segmented fields were manipulated to maintain dose delivery to organs at risk (OARs), such as the IPSL, and heart within normally accepted tolerances and to reduce the volumes of hot spots in the treatment field. Four to five fields were designed toward the SCF to guarantee dose uniformity. The criterion of the F-IMRT plan was to ensure that at least 95% of the PTV received the prescription dose ( Figure 1B) .
inverse intensity-modulated radiotherapy
The common isocenter was located in the center of the PTV. The tangential field technique was set to the entire PTV, and additional 0° and 40° multi-leaf collimator (MLC) segments were constructed toward the SCF. Additional subfields were set to reduce hot regions generated by the primary tangential fields and improve PTV dose uniformity to achieve dose homogeneity ( Figure 1C ).
Based on the patient's dose-volume histogram (DVH), the mean doses (Dmean) and the volumes receiving equal to or more than 20, 30, 40, and 50 Gy (V 20 , V 30 , V 40 , and V 50 , respectively) to the IMN were analyzed.
statistical analysis
Statistical analysis was performed with the SPSS statistical analysis software package. Based on the normality of the distributions, the Kruskal-Wallis H test was used for each dosimetric parameter in the three treatment plans. Wilcoxon signed-rank tests were used for comparisons of the dosimetric parameters of the first and third ICS. Spearman rank correlation test was used to examine the relationship between the dosimetric parameters of the IMN and the dosimetric parameters of the OARs. All tests were two sided. Data were regarded as statistically significant when P<0.05.
Results
Patients and treatment
One hundred and thirty-eight patients with breast cancer who received adjuvant postmastectomy RT (PMRT) at our institution were enrolled. Table 1 outlines the patient characteristics. One hundred and thirty-four patients were diagnosed with invasive ductal carcinoma, three patients with invasive lobular carcinoma, and one patient was diagnosed with invasive papillary carcinoma. A total of 48, 49, and 41 of the patients underwent 3D-CRT, F-IMRT, and I-IMRT followed by MRM, respectively. Table 2 . The Dmean to each ICS of the IMN in this study showed no differences among the 3D-CRT, F-IMRT, and I-IMRT groups. Representative axial images of all three plans, including target volume and field distributions, are shown in Figure 1 . Thirty, 24, and 26 patients who underwent 3D-CRT, F-IMRT, and I-IMRT, respectively achieved 30 Gy for the incidental dose distribution to the IMN. Also, the incidental doses to the IMN of 10.42%, 2.04%, and 9.76% of the patients who underwent 3D-CRT, F-IMRT, and I-IMRT, respectively, reached 45 Gy. The IMN dosimetric parameters for each level of the 3D-CRT, F-IMRT, and I-IMRT plans are shown in Table 3 , and the dosimetric parameters for each level of both the IMN and ICS1-3 were equal.
Regardless of the technique, the parameters, including Dmean, V20, V30, V40, and V50, indicated that the dose delivered to the IMN was lower in ICS1 than in ICS2 and ICS3. For 3D-CRT, F-IMRT, and I-IMRT, the Dmean values to the IMN in ICS2 and ICS3 were higher than 8.16/10.65, 9.39/9.61, and 8.16/12.72 Gy, respectively, compared to that in ICS1. For 3D-CRT, no significant differences were evident between ICS2 and ICS3. However, for patients who underwent F-IMRT, the V20, V30, and V40 in ICS3 were higher than those in ICS2 (Z=-2.053,-2.032, -2.021; P=0.040, 0.042, 0.043), and no differences were evident for Dmean and V50. For I-IMRT, ICS3 exceeded ICS2 in terms of Dmean, V20, V30, and V40 (Z=-2.287,-2.749, −4.840,-2.876; P=0.022, 0.006, 0.004, 0.004), and no difference was evident in V50 (Z=-1.626, P=0.104).
analyses of OaRs: the iPsl and heart
The OAR doses and volume results of the three groups are presented in Table 4 . The IPSL volume for all breast cancer patients (P=0.290) and the heart volume for the left-sided breast cancer patients (P=0.985) were well balanced. Compared to the 3D-CRT plan, the F-IMRT and I-IMRT plans had decreased dose distributions to the IPSL (Dmean and V20). However, the dose delivered to the heart showed Table 2 The dosimetric parameters for the iMn and each intercostal space of the iMn in the 3D-CRT, F-iMRT, and i-iMRT plans Abbreviations: 3D-CRT, three-dimensional conformal radiotherapy; Dmean, the mean doses; F-IMRT, field in-field forward intensity-modulated radiotherapy; iCs, intercostal interspace; i-iMRT, inverse intensity-modulated radiotherapy; iMn, internal mammary nodes; Vx, the volumes receiving equal to or more than x gy. 
Mean (Gy) V20 (%) V30 (%) V40 (%) V50 (%)
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Wang et al no differences in these plans with tangential techniques (Table 4 ). The correlation between the dose delivered to the IMN and OARs showed mixed features for 3D-CRT and IMRT (Table 5) . A moderately positive correlation was found between the Dmean of the IMN and the Dmean of the heart for patients who underwent 3D-CRT (r=0.338, P=0.01). In addition, no dosimetric correction was found between the IMN and IPSL, whereas for the F-IMRT and I-IMRT groups, positive correlations were found only between the Dmean of IMN and the Dmean and V20 of the IPSL.
Discussion
The incidental irradiated dosimetric reviews of the IMN from the published articles described above are summarized in Table 6 . Our study showed a relatively similar Dmean in the IMN region. Notably, these trials only used the 3D-CRT technique on the targeted volume. To the best of our knowledge, our study on IMN incidental irradiation coverage is the first to address this topic using three different techniques and to examine these dose distribution patterns and OAR dose correlations. Compared to 3D-CRT, the improved conformity of IMRT indicates that less irradiation was delivered outside of the PTV. Conventional parallel-opposed tangential fields were still mainly used in F-IMRT and I-IMRT, and the IMN were in the rear of the inner tangential semi-opposed beams. Therefore, the IMN were incidentally irradiated with an equal dose of radiation to that of 3D-CRT. This finding indicates that in every analysis we performed concerning these three RT techniques, no group ultimately received an adequate or effective prophylactic treatment. Adequate coverage of the IMN, defined as ≥45 Gy, was achieved in 10.42%, 2.04%, and 9.76% of the patients with 3D-3CRT, F-IMRT, and I-IMRT techniques, respectively. Thus, tailored RT for individual patients might be needed. Previous reports have shown that relatively low doses (10-30 Gy) can sterilize subclinical metastases and microscopic tumors of ovarian, bladder, and breast carcinomas Table 4 Comparison of the lung and heart volume dosimetric parameters of the 3D-CRT, F-iMRT, and i-iMRT plans Abbreviations: 3D-CRT, three-dimensional conformal radiotherapy; Dmean, the mean doses; F-IMRT, field in-field forward intensity-modulated radiotherapy; H, heart; i-iMRT, inverse intensity-modulated radiotherapy; l, lung; V, volume.
and of head and neck neoplasms. 28, 29 Recently, Lee et al found that for breast cancer, the estimated 50% tumor control dose (TCD 50 ) values were 19.3 Gy for MCF7 (luminal) cells and 44.9 Gy for SUM159 (basal) cells. 30 In addition, of the enrolled patients in our study, 62.5%, 48.98%, and 63.41% achieved 30 Gy for the incidental dose distribution to the IMN and 10.42%, 2.04%, and 9.76% of the patients who underwent 3D-CRT, F-IMRT, and I-IMRT, respectively, reached 45 Gy. Therefore, for invasive breast carcinoma, the incidental dose to the IMN does not reach standard clinically therapeutic levels in MRM breast cancer patients treated with any of these three RT techniques, but a worthwhile benefit can be achieved by the incidental doses delivered when only chest wall ± SCF are irradiated without the IMN region. This finding is also confirmed by the overall low recurrence rates in the IMN after PMRT, even when these nodes are not excised or irradiated. 22, 23 The European Organization for Research and Treatment of Cancer (EORTC) Radiation Oncology and Breast Cancer groups found that for patients with stage I, II, and III cancers with centrally or medially located primary tumors, in the whole breast irradiation (WBI) or chest wall irradiation alone group, the internal mammary recurrence rate was 0.8%, and in the nodal irradiation group, the rate was 0.2%. 23 Kanyilmaz et al showed that the incidental Dmean to the IMN in patients treated with 3D-CRT after MRM was 32.8 Gy, and that advanced T and N stages were the prognostic factors that affected OS and progression-free survival, which were poorly affected by unplanned irradiation doses to the IMN. 24 No IMN relapses occurred during the median 38-month (range 3-80) follow-up time.
In our hospital, internal mammary SLN (IM-SLN) biopsy was performed with the modified injection technique, and the IM-SLNs were detected by preoperative lymphoscintigraphy and/or intraoperative gamma probe detection. The results showed that the IM-SLNs were concentrated in the second and third ICS (80.8%). ICS3 had the highest incidence of positive IMN, followed by the second and first spaces (50.2%, 30.6%, Table 5 The correlation between the dose delivered to the iMn and the OaRs Abbreviations: 3D-CRT, three-dimensional conformal radiotherapy; Dmean, the mean doses; F-iMRT, forward intensity-modulated radiotherapy; h, heart; iCs, intercostal interspace; iMn, internal mammary nodes; i-iMRT, inverse intensitymodulated radiotherapy; l, lung; Vx, the volumes receiving equal to or more than x gy.
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Wang et al and 1.6% for ICS3, ICS2, and ICS1, respectively). 31 Krishan et al analyzed the anatomical distribution of IMN metastases and found that 78% of nodal metastases were in the first three ICSs, whereas 14% and 8% were located in ICS3 and ICS1, respectively. 32 The regularity of the distributions of the IMN metastases was consistent with that of IM-SLN metastases. Our results showed that regardless of the RT technique, the Dmean values to the IMN in ICS2 and ICS3 were higher than 8. 16-12. 72 Gy compared to that of ICS1. In addition, the dose may be conducive for detecting the ICS2 and ICS3 recurrence rate. The anatomical position and topography of the internal thoracic vessels in ICS1 are deeper than those in ICS2 and ICS3, which may lead to the IMN dose differences of the different ICSs. Sapienza et al evaluated the relationship between the unintentional coverage of the IMN and the type of surgery employed, and the authors found that the Dmean values to the IMN after MRM and MRM with immediate reconstruction (MRM + R) were greater than those for BCS (30.34 Gy for MRM, 30.26 Gy for MRM + R, and 18.67 Gy for BCS). 25 MRM changed the chest wall thickness, which resulted in the variation in IMN depth, possibly leading to the IMN dose differences of each operative approach.
Darby et al reconstructed the RT regimens of 2,168 women on computed tomography scans with typical anatomy and found a dose-dependent increase in the risk of late ischemic heart disease associated with RT for cancer of the left breast. 33 We also found that for patients who underwent 3D-CRT, the incidental dose to the IMN was positively correlated with the Dmean of the heart. In addition, this moderate positive correlation also existed in ICS3. However, in our stratified analyses, little of the heterogeneity was explained by the IPSL volume for all breast cancer patients or the heart volume for left-sided early breast cancer patients. With equal dose distribution patterns for all three techniques, the Dmean of the heart was further decreased by ~2 Gy in the IMRT cohort (F-IMRT and I-IMRT), and no correlation was evident between the incidental dose to the IMN and the dose to the heart. Contemporary IMRT likely reduced the risk 20 .64 gy (57.5% BCs, 27.5% MRM, 15.0% MRM + R)
Abbreviations: 3D-CRT, three-dimensional conformal radiotherapy; BCs, breast conservation surgery; iCs, intercostal interspace; iMn, internal mammary nodes; MRM, modified radical mastectomy; MRM + R, modified radical mastectomy with immediate reconstruction.
to the heart, and RT-induced cardiotoxicity may have been mitigated by the medical progress made in the treatment of ischemic heart disease over the past decade. Therefore, the incubation time of late cardiac complications may be prolonged, 34 so the long-term hazards in the general population will still need to be monitored with additional follow-up and summaries in most cases.
EORTC trial 22922/10925 found that lung toxicity was significantly increased with irradiation of the IMN and SCF treatment (fibrosis, 0.9% vs 2.8%; dyspnea, 0.1% vs 0.7%; pneumonitis, 0.1% vs 0.7%; any lung toxicity, 4.3% vs 1.3%). 17 In our study, although the IMN were not included in the treatment volume, a significant association was evident between the incidental dose to the IMN and the Dmean and V20 to the IPSL for IMRT. Therefore, the next research direction will involve identifying the influencing factors of the incidental coverage to the IMN and screening out potential breast cancer patients whose incidental IMN doses can achieve clinically therapeutic levels that do not require IMN RT.
Conclusion
F-IMRT and I-IMRT can deliver lower and clinically less relevant doses than 3D-CRT to OARs. The incidental dose to the IMN of patients treated with 3D-CRT, F-IMRT, and I-IMRT were equal when the IMN were routinely uninvolved in the target volume. However, a higher incidental dose to the IMN was associated with a higher Dmean to the heart for 3D-CRT, and a higher incidental dose to the IMN was associated with a higher dose to the IPSL for patients who underwent F-IMRT and I-IMRT. Although none of these three RT techniques ultimately achieved an adequate and effective prophylactic treatment for the IMN, a substantial dose was still delivered to the IMN for partial patients. A more careful data analysis or long-term clinical trial is warranted for detailed explorations of the subgroups that do not require IMN irradiation, and additional follow-up is needed to determine whether the different incidental dose to the IMN would result in a different recurrence rate in the IMN.
